group and individuals without asbestosis, respectively. Linear regression analysis showed that 28,4% and 50,5% of comet assay results were increased by exposure to asbestos and developed asbestosis. The results of CAT and GST were not difference between the groups. These results supports the association of genotoxic damage and the onset of asbestosis by chrysotile asbestos exposure in workers of this study.
Exposure to asbestos affects various metabolic pathways within organisms and is related to several biological indicators. Such indicators are vital tools to assess damage to health caused by exposure to certain chemicals. They are associated with biochemical and physiological changes and they also provide information that is used to estimate risk to human health [9] [10] [11] . Regarding pneumoconiosis, such changes are associated with chronic inflammatory processes linked to the formation of reactive oxygen species (ROS) in the lower respiratory tract [9, 12] . Elevated and continuous ROS production or inadequate ROS removal may overcome the antioxidant defense system and cause oxidative stress, which is an imbalance between antioxidants and oxidants in favor of the latter, leading to cell damage [2, 13, 14] . Aerobic organisms have antioxidant defense systems that deal with ROS produced as a result of aerobic respiration and substrate oxidation, or generated in response to internal and external stimuli [13, 15] . Enzymatic antioxidants include superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione S-transferase (GST) and catalase (CAT), while glutathione (GSH) is an example of a non-enzymatic antioxidant. Such antioxidants may be considered effective biological indicators, which represent outcomes that cause health side effects [9] . Other biological indicators evaluate cytogenetic alterations caused by exposure to potentially genotoxic agents, and include chromosomal aberrations (CA), sister chromatid exchange, isolated and oncogenic mutations, micronuclei and the comet assay [9] .
Considering the toxicological importance of effects caused by asbestos on the human body, in this study, changes to oxidative stress enzymatic parameters and the occurrence of genotoxic damage were assessed in workers occupationally exposed to chrysotile asbestos and nonexposed workers from a state of Brazil. Chest radiography examinations, spirometry and interviews were performed with the aim of assessing the degree of damage caused to individuals and the clinical progression of symptoms. The comet assay was used to assess genotoxic damage, and the activities of CAT and GST were measured as parameters of oxidative stress enzymatic parameters.
Materials and Methods

Studied Population
The population of this study consisted of workers attending the outpatient Clinic of the Center for Worker Health Studies and Human Ecology (Centro de Estudo da Saúde do Trabalhador e Ecologia Humana -CESTEH) of the National School of Public Health (Escola Nacional de Saúde Pública ENSP/FIOCRUZ). The CESTEH/ENSP/ FIOCRUZ is the reference center of worker health studies linked to the Brazilian Ministry of Health that provides training for occupational health programs, conducts studies and research on the relationship between work, health and environment, acts in the evaluation of public policies and provides assistance to workers through periodic clinical examinations.
Workers were selected randomly from the Clinic database. The single criterion for inclusion was that individuals should be older than 18; individuals with positive tuberculin skin tests and those who reported having used antineoplastic drugs were excluded. The non-exposed group (n = 20) was made up of workers who underwent periodic examination in the outpatient clinic of CESTEH, from several security companies without a history of asbestos exposure or any other hazardous chemicals. The asbestos-exposed group (n = 17) evaluated in this study was made up of voluntary workers from several companies in Rio de Janeiro state, which use asbestos in their production process, as well as and other chemicals such as solvents, resins, acids and bases. Exposed workers who took part in this study have been undergoing clinical assessments at the CESTEH Clinic since the early 1990s. Workers diagnosed with more advanced asbestosis could not be included in this study due to the severity of respiratory crises, which are typical at this stage of the condition. This study was approved by the Research Ethical Commitee of Fiocruz (CAAE 0037-0-031.000-06).
Interview and Clinical Examination
Sociodemographic data (sex, level of education, economic activity) and habits with respect to alcohol and smoking were assessed through a questionnaire, as well as a description of the working process. Chest radiography examinations and spirometry were performed and justified only on the group exposed to asbestos, with the aim of assessing the degree of damage caused to individuals and clinical progression of symptoms. Clinical examinations also provided an opportunity to identify other comorbidities, such as alcoholism, diabetes mellitus, hepatitis, autoimmune diseases, and kidney failure, among others.
Radiological techniques used in this research were performed according to ILO (2000) standards [16] . Films with a median reading higher than 1/0 were considered as altered, and were classified with respect to lesion profusion and type of lesion in pulmonary parenchyma and sorted into categories from 0 to 3, according to the severity of the disease. The radiological examination was done after genotoxicity analysis.
Spirometries were performed in accordance with techniques prescribed by the American Thoracic Society [17] , which consist of individuals forcefully exhaling until reaching their forced vital capacity limit, after maximum inhalation. Spirometry evaluates lung function and provides data on pulmonary flows and volumes. It is a test that helps prevent and allows for of diagnosis and quantification of lung disorders, and has an important role in occupational pulmonology.
Comet Assay
The comet assay, also known as SCGE (Single-Cell Gel Electrophoresis), is an electrophoresis technique to detect the presence of DNA strand breaks and alkali-sensitive sites in mammalian cells, and is widely used in genotoxicity tests in vitro and in vivo, environmental biomonitoring and human population monitoring [18] . The test was carried out using 10 µL aliquots of total blood from each sample mixed with 120 µL of low melting point agarose, on slides prepared in advance by coating with normal melting point agarose. Next, cells incorporated in agarose were lysed to form nucleoids and then submitted to electrophoresis under alkaline conditions [18] . Slides from each sample were prepared in triplicate. Readings were taken using a fluorescence microscope. Comets were sorted visually into 4 categories according with DNA migration (0, 1, 2, and 3). Two slides per sample were assessed; 50 nucleoids were count per slide, totalling 100 cells assessed per blood sample. Comet assay results were expressed in arbitrary units (AU) between 0 and 300, which correspond to the sum of all categories of DNA migration of 100 cells [19] .
Oxidative Stress Enzymatic Parameters
In order to assess oxidative stress enzymatic parameters, the activities of catalase (CAT) and glutathione S-transferase (GST) were determined using UV-visible spectrophotometry. CAT enzyme activity in human erythrocytes was determined using the Aebi (1984) method [20] , which quantifies activity through the decomposition of H 2 O 2 , measuring absorbance at 230 nm. GST enzyme activity was determined at 340 nm using 1-chloro-2,4-dinitrobenzene as a universal substrate, according to the method described by Habig and Jakoby (1981) [21] .
Tuberculin Skin Test
The tuberculin skin test was performed using 5TU of PPD-S following Mantoux's technique, in accordance with the Center for Disease Control (CDC) [22] , with readings taken at 48 and 72 hours [22] . Results were recorded according to CDC [22] and Ministry of Health [23] criteria: tuberculin tests were positive when induration was ≥ 10mm; tests were negative when induration was < 10mm [22] . Individuals who tested positive were excluded due to factors which could confuse asbestosis diagnosis [24, 25] .
Statistical Analysis
The descriptive analysis shows calculated averages, standard deviations, standard error of the mean and percentage distribution frequencies. The normal distribution of continuous variables was tested using the Kolmogorov-Smirnov test. Comparison of variables with normal distribution was carried out using Student t-test or ANOVA; Mann-Whitney (U) or Kruskal-Wallis (H) was performed for variables with non-normal distribution using the software SPSS 17.0. A 5% significance level (p < 0.05) was adopted. Partial correlation was done, adjusting for age, smoking habits and alcohol consumption. Univariate linear regression analysis was used to assess the effects between the comet assay and the groups exposed and non-exposed to asbestos and individuals without and with asbestosis, adjusting for age, smoking habits and alcohol consumption. The logarithm of the comet assay (Log [AU]) was used as the dependent variable.
Results
A group of 37 individuals took part in this study. They were sorted into two groups, according to their occupation: exposed to asbestos (n = 17) and non-exposed to asbestos (n = 20). Sociodemographic data, age of exposure, alcohol consumption and smoking habits evaluated during the interviews are shown in Tables 1 and 2 .
Clinical Examination
Pulmonary function tests showed that 53% (n = 9) of workers exposed to asbestos exhibited respiratory alterations, of which 7 were mild and 2 moderate. Of all workers who exhibited respiratory alterations, 5 were former smokers, 2 were smokers and 2 never smoked. •Those who smoked include former and current smokers. •Those who smoked include former and current smokers.
Furthermore, among workers exposed to asbestos, 6 were diagnosed with asbestosis, classified as category 1, and 5 of those exhibited alterations in their pulmonary function. Together with pulmonary function, bronchodilation was also assessed and it revealed that 9 of all workers fulfilled the criteria for bronchial asthma. A few workers reported using drugs to treat high blood pressure and respiratory allergies. Workers exposed to asbestos in this study were sorted according to ILO (2000) [16] guidelines with regards to the degree of their condition, and were divided into two groups: exposed individuals with asbestosis (n = 6) and exposed individuals without asbestosis (n = 11).
Toxicological Analyses
Results from the comet assay, CAT and GST toxicological analyses applied to the individuals exposed and nonexposed to asbestos are shown in Table 3 . All assessed indicators showed normal distribution. Results from biological indicators showed a statistically significant difference in the comet assay test (p < 0.001), expressed both in arbitrary units (AU) and in terms of percentage (%), between the two groups. There was no correlation between alcohol consumption and toxicological analysis results. Using partial correlation, controlled by age, smoking habits and alcohol consumption, a positive statistically significant correlation was observed between CAT and GST activities (p < 0.001, R = + 0.527). A comparative analysis of biological indicators was performed, stratified according to sex and age; no significant differences between these groups were found.
Results from toxicological analyses were also compared between workers exposed to asbestos, diagnosed without and with asbestosis (Table 4) . No statistically significant differences were found between the groups in enzymatic parameters of oxidative stress (CAT and GST). Comet assay results showed statistically significant differences between groups exposed and non-exposed to asbestos; individuals without and with asbestosis; non-exposed to asbestos and individuals without and with asbestosis. In order to better visualize the results of the comet assay between the groups assessed in this study, the differences of means are shown in Figure 1 .
Statistically significant univariate linear regressions were found between the comet assay and the categorical variable non-exposed and exposed to asbestos (R 2 = 0,284; ß = 0,544; B = 1,175; p < 0,002); individuals without and with asbestosis (R 2 = 0,505; ß = 0,927; B = 2,176; p = 0,007).
Discussion
In Brazil, chrysotile asbestos has been commercially exploited since the 1940s, exposing a large number of workers to this mineral. Over the last decade, Brazilian asbestos production increased by 55% (to 302,300 tonnes in 2011), making Brazil the third biggest producer and the second biggest exporter of chrysotile asbestos. The use of Table 3 : Activities of antioxidant enzymes (CAT and GST); comparison of asbestos-exposed and non-exposed subjects. GST (unit/mL) 17 8.1 ± 3.6 20 8.4 ± 2.1 n = total number of studied cases; SD = standard deviation. Table 4 : Activities of antioxidant enzymes (CAT and GST); comparison of asbestos-exposed subjects with and without asbestosis. GST (unit/mL) 11 7.1 ± 2.1 6 9.8 ± 5.1 n = total number of studied cases; SD = standard deviation.
Groups
Group Exposed to asbestos
asbestos is now banned in five Brazilian states -São Paulo, Rio de Janeiro, Rio Grande do Sul, Pernambuco and Mato Grosso. However, the ban is highly problematic, because a States Law cannot override Federal Law 9.055/1995, which allows controlled use of asbestos in Brazil. A recent epidemiological report involving several Brazilian institutions showed that for the whole country, 2400 deaths were caused by asbestos disease from 2000 to 2010; according to the researchers, these numbers are underreported [26] .
In our study, clinical examination showed that half of the workers exposed to asbestos and all but one of those diagnosed with asbestosis exhibited respiratory alterations in their pulmonary function. These respiratory disorders are non-specific alterations and probably were due to the smoking habits. Asbestos exposure and cigarette smoking are recognized risk factors for lung cancer mortality. Frost et al. (2011) [27] showed, in a study set up to monitor the long-term health and mortality of workers occupationally exposed to asbestos, that there was a strong dose-response relationship with the risk of lung cancer mortality increasing with both smoking duration and total smoke exposure, and an inverse relationship between time since smoking cessation and lung cancer mortality risk.
The genotoxic damage resulting from exposure to asbestos in this study showed that workers exposed to asbestos exhibited a statistically significant increase (p < 0.001) in genotoxic effect when compared with those who were non-exposed (Figure 1 ). DNA damage mean values increased nearly fourfold.
According to Møller (2006) [28] , levels of DNA damage obtained through visual scoring in human populations showed a mean of 10.6 AU, ranging from 3.9 AU and 17.7 AU. A Brazilian study conducted by Maluf et al. (2001) [29] found a DNA damage mean of approximately 17 AU in the control group. In our study, the comet assay mean found in the group non-exposed to asbestos was 11 ± 2 AU. This is within the range found in the literature in several populations, reinforcing the fact that there was a statistically significant difference in DNA damage levels between the two groups, with the implication that these results were caused by exposure to asbestos [18, [28] [29] [30] .
In our study, the comet assay test proved to be sensitive at differentiating populations that were exposed and non-exposed to asbestos, and it may be considered as an important effect biomarker of asbestos exposure. Statistically significant differences between individuals exposed to asbestos with asbestosis and individuals exposed to asbestos without asbestosis supports the hypothesis that the development of asbestosis due to chrysotile asbestos exposure is associated with genotoxic effects that probably contribute to the high risk of lung cancer. Supporting these results, the linear regression model were shown that 28,4% and 50,5% increase of comet assay results could be explained by exposure to asbestos and developed asbestosis. In contrast, Dušinská et al (2004; 2006) [31, 32] did not find any difference between asbestos-exposed and non-exposed groups of workers using the traditional comet assay. These different results may have occurred due important factors that should be considered in regards to asbestos exposure and in the onset of pneumoconiosis: the amount of dust inhaled; the size and chemical nature of the particle; time of exposure; individual susceptibility; and exercise during exposure, because it directly increases the load of exposure due to an increase in the volume inhaled per minute. Moreover, a recent study showed an increased lung cancer risk with exposure level even at low exposure to asbestos, crystalline silica and nickel-chromium, confirming the substantial role of occupational carcinogens on lung cancer burden [33] .
It is worth noting that among individuals exposed to asbestos, a significant difference was found in terms of time of exposure between individuals with asbestosis and those without, but there was no effect of age. This is probably because, in general, asbestosis takes 15 to 25 years to manifest. However, the disease may occur earlier when there is exposure to large amounts of dust. Its onset depends on the concentration of asbestos and time of exposure; the higher the dust concentration in the workplace and the longer one is exposed to it, the more severe the disease's symptoms and limitations to the patient's life will be [31, 34] .
Enzymatic parameters of oxidative stress results in this study showed no significant difference in CAT and GST activity means between the exposed and non-exposed groups (Table 3) , nor between individuals exposed without asbestosis and those exposed with asbestosis (Table 4) , in contrast to previous observations in the international literature [35] [36] [37] .
Under pathologic conditions, including pulmonary fibrosis as asbestosis, the production of ROS can be augmented by a variety of mechanisms, and additional oxidants such as hydroxyl radicals and reactive nitrogen species (RNS) can also be formed. Particularly, the lung has highly specialized and compartmentalized antioxidant defenses to protect against ROS and RNS. Thus, the location of the oxidant production and the protective antioxidants will play an important role in mediating the pathologic response to injuries [38] .
In our study, peripheral whole blood was used as the subject of analysis; perhaps this is a limitation to understanding the process of chronic inflammation in the respiratory system. Another limitation of this study was the small sample size, hence it might lack the power to significantly find any weak effect of oxidative stress. Thus, studies should be going on to better understand the role of oxidative stress in the development of asbestosis.
A study carried out with miners who were highly exposed to coal dust evaluated changes in GST activity and found a decrease in workers who were in the initial stages of pneumoconiosis (0/1-1/2) when compared with the controls, but no significant difference when comparing workers with more advanced disease (>2/1) and controls [35] . According to Evelo, Bos and Borm (1993) [35] , decreased GST activity is caused by excessive release of ROS by alveolar macrophages and neutrophils in lung tissue. Those reactive species may damage GST through oxidation of its SH sites and, consequently, lead metabolites to accumulate in lungs. In miners who had pneumoconiosis above stage 2/1, the GSH concentration later returned to its normal levels due to possible liver GSH efflux; the increase in GST levels could be explained as being a consequence of an increase in protein synthesis during erythrocyte proliferation or, less likely, by an increase in enzyme longevity [35] . This proliferation may be triggered by inflammatory processes that generate cytokines implicated in the mechanism for development of asbestosis.
It is possible that this same effect occurred with the CAT activity too; however, an increase in CAT activity induced by asbestos fibers has been reported in the literature, but did not compare exposed individuals without and with asbestosis [36, 37] . Furthermore, a positive statistically significant correlation (p < 0.001, R = + 0.527) was found between the CAT results with GST, using partial correlation, controlled by age, smoking habits and alcohol consumption. These results indicated a relationship between the GST and CAT enzymatic activity; however more studies are necessary to understand the behavior and the role of oxidative stress enzymes in defending the body from aggressive agents.
Conclusions
The comet assay proved to be a reliable and sensitive method to detect DNA damage in single cells and is an important indicator in biomonitoring populations exposed to genotoxic agents. It may be a useful tool to evaluate mutagenicity. Results from this study showed an increased level of DNA damage in the group that was occupationally exposed to asbestos. This indicates a potential mechanism of genotoxicity and contributes toxicological evidence supporting the need for changes in technologies used in the chrysotile asbestos handling process in Brazil, including its replacement, as has already happened in other countries worldwide.
Studies to help reach a better understanding of this relationship should be carried out, aiming to make contributions to clarify asbestosis and cancer development mechanisms and identifying effects that precede the onset of those diseases. This may help improve survival for exposed individuals, since in Brazil production processes that use asbestos still remain. In addition, in Brazil it is necessary to intensify the study of the effects of environmental exposure to this mineral, which is even more neglected.
The comet assay has proven to be a sensitive and reliable method to detect DNA damage caused by exposure to asbestos, allowing differentiation of exposed and non-exposed groups, and individuals without and with asbestosis, by statistical analysis. This test may be considered an important effect biomarker of exposure to asbestos and a useful tool to evaluate mutagenicity of populations exposed to genotoxic agents.
